90 strains expressing Hhp1-GFp (JG14824) or Hhp2-GFp (JG14825) were sporulated, stained with Hoechst and analyzed by fluorescence microscopy. Both Hhp1-GFp and Hhp2-GFp were functional (see Fig. S3 ). (B) pat1-114 homozygous diploid cells either wild-type (JG12209) or expressing Hhp1-GFp (Hhp1) (JG14846), Hhp2-GFp (Hhp2) (JG14847) or rec8-GFp (rec8) (JG12094) were arrested by nitrogen starvation and released into meiosis at 34°C by inactivation of pat1. Cells were harvested at the indicated time points (2.5 and 4 hours) after meiosis induction (see Fig. S2 ) and chromatin binding was analyzed by chromatin immunoprecipitation (ChIp) followed by real-time pCr using oligonucleotide primers specific for the centromeric central region (cnt2), innermost centromeric repeats (imr2), outer centromere (dgII) and chromosome arm (top1).
Introduction
Sexual reproduction depends on the generation of haploid gametes from diploid cells in a process called meiosis. The reduction of chromosome number during meiosis is achieved by two successive nuclear divisions after one round of DNA replication. The formation of chiasmata, mono-orientation of sister kinetochores and a stepwise loss of sister chromatid cohesion ensure proper segregation of chromosomes during meiosis. 1, 2 In meiosis I, a protease called separase cleaves cohesin along chromosome arms, thus allowing segregation of homologs. Cohesin at centromeres is protected from separase cleavage during meiosis I and is only cleaved at the onset of anaphase II, hence allowing segregation of sister centromeres. The protection of centromeric cohesion requires the conserved Sgo1/MEI-S332 proteins that recruit the protein phosphatase 2A (PP2A) to centromeres. [3] [4] [5] [6] [7] [8] [9] [10] [11] The Sgo1/ PP2A complex then protects centromeric cohesin from separase cleavage, possibly by dephosphorylating Rec8, the meiosisspecific alpha-kleisin subunit of cohesin. [12] [13] [14] [15] To understand the role of Rec8 phosphorylation, we mapped Rec8 phosphorylation sites and analyzed chromosome segregation in fission yeast cells expressing a nonphosphorylatable or phosphomimetic version of Rec8. Moreover, we provide evidence that fission yeast casein kinase 1 delta/epsilon activity is required for full levels of Rec8 phosphorylation and for efficient removal of Rec8 at the onset of anaphase I.
Segregation of chromosomes during meiosis depends on separase cleavage of rec8, the meiosis-specific alpha-kleisin subunit of cohesin. We mapped rec8 phosphorylation sites by mass spectrometry and show that, in fission yeast, rec8 phosphorylation is required for proper chromosome disjunction during meiosis. We further show that the fission yeast casein kinase 1 (CK1) delta/epsilon isoforms Hhp1 and Hhp2 are required for full levels of rec8 phosphorylation and for efficient removal of rec8 at the onset of anaphase I. our data are consistent with the model that Hhp1/Hhp2-dependent phosphorylation of rec8 is required for separase-mediated cleavage of rec8 during meiosis I. 
Casein kinase 1 is required for efficient removal of Rec8 during meiosis I

Results
Mapping Rec8 phosphorylation sites. We purified Rec8-HA3 from S. pombe cells harvested around metaphase I (4 hours after induction of synchronous meiosis) and mapped the phosphorylation sites of Rec8 by mass spectrometry. Rec8 was phosphorylated on twelve residues ( Fig. 1A and Fig. S1 ). To investigate the importance of Rec8 phosphorylation, we mutated the 12 serine and threonine residues found to be phosphorylated to alanine, which can no longer be phosphorylated (Rec8-12A) or to aspartate, which mimics phosphorylation (Rec8-12D). However, cells expressing Rec8-12A or Rec8-12D underwent both meiotic divisions with no apparent defect in chromosome segregation (data not shown and Fig. 2) . Therefore, either Rec8 phosphorylation is not important for meiotic chromosome segregation or there are additional residues phosphorylated on Rec8. Indeed, mass spectrometry analysis of Rec8-12A-HA3 purified from cells harvested around metaphase I revealed five additional phosphorylated residues (Fig. 1B and Fig. S1 ). Rec8 phosphorylation is required for proper chromosome disjunction during meiosis. We next mutated all 17 Rec8 residues found to be phosphorylated to alanine (Rec8-17A) and analyzed chromosome segregation in a strain in which both copies of chromosome I contained lys1 sequences marked with GFP (lys1-GFP). 16 Wild-type cells produced four nuclei each containing one lys1-GFP dot, whereas cells expressing Rec8-17A showed a mild nondisjunction phenotype. In contrast, when we analyzed chromosome segregation in cells expressing a mutant version of by Sgo1/MEI-S332 proteins in complex with protein phosphatase 2A. 4, 18 The fact that Rec8 phosphorylation promotes its cleavage by separase suggests that the protection of centromeric cohesion might be conferred by dephosphorylation of Rec8 by the Sgo1/ PP2A complex. We therefore speculated that a Rec8 phosphomimetic mutant might be cleaved at the centromeres during meiosis I, resulting in precocious separation of sister centromeres and nondisjunction during meiosis II. However, cells expressing Rec8 with phosphomimetic mutations (Rec8-16D) showed only mild nondisjunction during meiosis II (data not shown). This may be due to the fact that aspartate is not able to fully substitute phosphorylated residues of Rec8 or we failed to identify all of the Rec8 phosphorylation sites. Alternatively, the protection of centromeric cohesion might not be conferred by dephosphorylation of Rec8.
Hhp1 and Hhp2 are required for full levels of Rec8 phosphorylation. Interestingly, four of the residues phosphorylated on Rec8 match the CK1 consensus phosphorylation site S/T(P)-X 1-2 -S/T. 19, 20 We have recently shown that the fission yeast CK1 delta/epsilon isoforms Hhp1 and Hhp2 are required for proper segregation of chromosomes during meiosis I. 21 Moreover, TAPtagged Hhp1 protein purified from cells harvested around metaphase I was able to phosphorylate a bacterially-expressed Rec8 fragment (Rec8(323-562)) on serine 366, as revealed by massspectrometry. This phosphorylation was likely to be due to Hhp1 or Hhp2 activity, because mass-spectrometry confirmed the presence of Hhp1 and Hhp2 (data not shown) and no phosphorylation Rec8-17A in which one of the two separase cleavage sites was mutated (Rec8-17A-RD1), meiotic nuclear divisions were greatly inhibited and most of the cells showed all of the lys1-GFP dots in one nucleus. A similar phenotype has been observed when both Rec8 cleavage sites were mutated (Rec8-RDRD) (Fig. 2) . 17 This indicates that meiotic chromosome segregation was impaired in cells expressing Rec8-17A-RD1. Proteolytic cleavage at either of the two cleavage sites is sufficient for Rec8 degradation and normal progression of meiotic divisions, 17 suggesting that Rec8 phosphorylation is important for proper chromosome disjunction during meiosis.
Segregation of chromosomes during meiosis I is triggered by separase cleavage of Rec8 along chromosome arms, while centromeric cohesin is protected from separase cleavage during meiosis I Figure 1 . rec8 phosphorylation sites identified by mass-spectrometry. pat1-114 homozygous diploid cells expressing rec8-HA3 (JG13460) (A) or rec8-12A-HA3 (JG15152) (B) were arrested by nitrogen starvation and released into meiosis at 34°C by inactivation of pat1. the cells were harvested 4 hours after meiosis induction and rec8-HA3 was isolated using an HA-affinity matrix. the eluate was analyzed by massspectrometry and mass spectra were searched for phosphopeptides using sequest software. rec8-HA3 was fully functional as assessed by spore viability (data not shown). 90 lys1-GFp cells with deleted rec8 (JG14208) or carrying either wild-type rec8 (JG11248) or mutant rec8 (rec8-12A (JG14541), rec8-12D (JG14987), rec8-17A (JG15557), rec8-rD1 (JG15595), rec8-rDrD (JG12069), rec8-17A-rD1 (JG15594)). Cells were sporulated on pMG-N plates for 16 hours, stained with Hoechst and examined under the fluorescence microscope. Chromosome segregation was scored in at least 100 asci. See Figure S5 for schematic presentation of rec8 mutations.
protein kinases act redundantly in the regulation of Rec8 cleavage. Previous studies showed that Rec8 phosphorylation depends on Polo-like kinase and Dbf4-dependent Cdc7 kinase. 12, 15, 28, 30 Segregation of chromosomes during meiosis I is triggered by separase cleavage of Rec8 along chromosome arms, while centromeric cohesin is protected from separase cleavage during meiosis I by the Sgo1/PP2A complex. Centromeric cohesin is only cleaved during meiosis II, hence allowing segregation of sister chromatids. Our finding that Rec8 phosphorylation promotes its removal at the onset of anaphase raises the possibility that the Sgo1/PP2A complex protects centromeric cohesin by dephosphorylating Rec8. Although we failed to identify a phosphomimetic Rec8 mutant that would be cleaved at the centromeres during meiosis I, two very recent studies showed that S. cerevisiae Rec8 with phosphomimetic mutations is no longer protected from separase at centromeres during meiosis I 30 and forced localization of excess CK1 delta/epsilon at the pericentromeric region abrogates the ability of Sgo1/PP2A to protect centromeric Rec8. 31 These results suggest that Sgo1/PP2A protects centromeric cohesin from separase cleavage by opposing CK1-dependent phosphorylation of Rec8. This mechanism may be evolutionarily conserved, because similar observations were made in budding and fission yeast, and both Rec8 and CK1 proteins are present in most eukaryotes.
Material and Methods
Tandem affinity purification. Tandem affinity purifications and mass spectrometry were performed as previously described.
5,33
Chromatin immunoprecipitation. Chromatin immunoprecipiation was performed essentially as described before (Pidoux et al. 2004 ). 2.5 x 10 8 cells were fixed with 3% Paraformaldehyde and treated with 0.4 mg/ml Zymolyase T100. DNA was sonicated to fragments of 400 bp average of Rec8 was observed when the CK1 inhibitor D4476, 22 was added (Fig. 3) . We therefore investigated whether Rec8 phosphorylation depends on Hhp1 and Hhp2. Whereas Rec8 became phosphorylated in wild-type cells approaching anaphase I, phosphorylation of Rec8 was largely abolished in hhp1-as hhp2∆ mutant cells (Fig. 4) . Phosphorylation of cohesin's alpha-kleisin subunit is known to promote its cleavage by separase. 12, 23, 24 Consistent with this, we observed high levels of Rec8-GFP in hhp1-as hhp2∆ mutant cells during anaphase I, whereas in wild-type cells, most of the Rec8-GFP disappeared at the onset of anaphase I (Fig. 5) . We conclude that Hhp1 and Hhp2 are required for full levels of Rec8 phosphorylation and for efficient removal of Rec8 at the onset of anaphase I.
Hhp1 and Hhp2 colocalize with Rec8. To analyze subcellular localization, we tagged Hhp1 and Hhp2 with GFP at their carboxyl termini. These constructs contained endogenous 3' untranslated regions (3' UTR) to ensure physiological expression levels. In most meiotic cells, GFP-tagged Hhp1 was evenly distributed throughout the cell, while Hhp2-GFP was enriched in nuclei (Fig. 6A) . To determine whether Hhp1 and Hhp2 associate with chromatin, we arrested cells by nitrogenstarvation, induced meiosis by inactivation of Pat1 kinase 25 and harvested cells 2.5 and 4 hours after induction of synchronous meiosis. These fractions were enriched for prophase and metaphase I cells, respectively (Fig. S2) . Chromatin immunoprecipitation (ChIP) followed by real-time PCR showed that both proteins were enriched at several Rec8 binding sites (Fig. 6B) . 5 These results are consistent with the notion that Hhp1 and Hhp2 may phosphorylate Rec8 on chromatin.
Discussion
Previous studies established that Rec8 becomes phosphorylated as cells proceed through meiosis. 12, [26] [27] [28] [29] Our analyses reveal that, in fission yeast, Rec8 phosphorylation is required for proper chromosome disjunction during meiosis. It is likely that the nondisjunction observed in cells expressing Rec8-17A-RD1 is caused by defective cleavage of Rec8 protein. During the course of this work, two studies showed that, indeed, Rec8 phosphorylation promotes its cleavage by separase in both budding and fission yeast. 30, 31 Similarly, phosphorylation of the mitotic kleisin Rad21/Scc1 by Polo-like kinase is known to enhance its cleavage by separase. 23, 24, 32 In budding yeast, CK1 delta/epsilon is a subunit of the monopolin complex required for the mono-orientation of sister kinetochores during meiosis I. Our observation that the fission yeast CK1 delta/epsilon isoforms Hhp1 and Hhp2 are required for full levels of Rec8 phosphorylation and for efficient removal of Rec8 at the onset of anaphase I reveal a novel function of this evolutionarily conserved kinase. However, it is possible that other Figure 3 . the Hhp1 complex can phosphorylate bacterially expressed rec8 fragment. the MBp-rec8(323-562) fusion protein purified from E. coli was mixed with the Hhp1 complex purified by tandem affinity purification from yeast cells harvested around metaphase I and incubated in the presence of 200 µM Atp at 30°C for 2 hours. the rec8(323-562) fragment was removed from the MBp by adding ActeV protease. In the control reaction, 5 µM D4476 was added to inhibit CK1 activity. the proteins were visualized by SDS-pAGe and silver staining and the rec8(323-562) fragment was analyzed by mass-spectrometry. Mass spectra were searched for phosphopeptides using sequest software. phosphorylation of serine 366 was detected in the sample containing the Hhp1 complex and lacking the inhibitor D4476.
primers were used for qRT-PCR of S. pombe chromosome 2 loci: Cnt2-fw AGC GCT AAC TCG TTT AAG TGA A, Cnt2-rev GGC GTG GAA AGT CAT CTG TA, Imr2-fw CTT CGG CGA CGT GAT ATA AG, Imr2-rev TTT GCA ACG ATT ACC GGT TT, DgII-fw TGC TCT GAC TTG GCT TGT CT, DgII-rev TTG CAC TCG GTT TCA GCT AT, top1-fw AGG GTT ATT TCG TGG TCG AG, top1-rev TGC CAA CCA GGT CAC TGT AT.
Preparation of Rec8 fragment from Escherichia coli. S. pombe rec8 fragment (970-1686) was PCR amplified with primers rec8fw [5'-ATA TAT GAA TTC TAT GTT CGT CGT AGA GGA GCT TCT TCG GCA AAG AAG-3' (EcoRI site is underlined)] and rec8rev (5'-ATA TCT GCA GTC AAA TGG CAT CGG TGC TTT TTA GG-3' (PstI site is underlined)), digested with EcoRI and PstI and cloned into pMAL-TEV/6xHIS vector creating in-frame fusion to the carboxyl terminus of maltose binding protein (MBP). The MBP-Rec8(323-562) fusion protein was expressed in E. coli, extracted, bound to maltose-binding beads and eluted with maltose according to the manufacturer's instructions (New England Biolabs). The eluted fusion protein was concentrated and washed with kinase buffer [50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 5 mM DTT] by centrifugation using the Centricon-30 system and stored at -80°C.
In vitro kinase assay. The MBP-Rec8(323-562) fusion protein (∼500 ng) was mixed with Hhp1 complex (20 µl) purified by TAP from cells harvested around metaphase I and incubated in 80 µl of kinase buffer containing 200 µM ATP at 30°C for 2 hours, followed by cleavage with TEV protease at 16°C for 1 hour to remove MBP from the Rec8(323-562) fragment. The reaction was mixed with 2 x SDS-PAGE loading buffer and analyzed by SDS-PAGE. The proteins were visualized by Figure 4 . Inhibition of CK1 delta/epsilon limits the extent of rec8 phosphorylation. pat1-114 cells carrying wild-type alleles of hhp1 and hhp2 (JG12015) or hhp1-as hhp2 (JG15600) were arrested by nitrogen starvation and released into meiosis at 34°C by inactivation of pat1 in the presence of 1NM-pp1. Cells were harvested at the indicated time points (hours) after meiosis induction, stained with DApI and nuclei were counted in 100 cells per time point. the fraction of cells that contained one nucleus (1n), two nuclei (2n) or more than two nuclei (3-4n) at the indicated time points are shown. rec8 protein was detected by western blotting using anti-rec8 polyclonal antibodies. size. Immunoprecipitation was performed using an anti-GFP antibody (Roche) in conjunction with ProteinA Dynabeads (Invitrogen).
Real-time PCR was performed using the IQ SYBR Green Mix (BIO-RAD) and an IQ5 Cycler (BIO-RAD). The following silver staining and the Rec8(323-562) fragment was analyzed by mass-spectrometry.
Microscopy. The Immunofluorescence and microscopy techniques were as described in ref. 34 .
Strains, media and growth conditions. Media and growth conditions were as described in ref. 34 . The genotypes of S. pombe strains used in this study are listed in the Figure S4 .
Mutagenesis and trasformation. Plasmid pY137 (Watanabe Y) carrying rec8 + and ura3 + selection marker was used for rec8 mutagenesis. STRATAGENE QuikChange ® Lightning SiteDirected Mutagenesis Kit was used to introduce rec8 mutations and all constructs were verified by sequencing. Plasmids carrying mutated rec8 were linearised with Bsp68I (Fermentas) and transformed into S. pombe cells. Proper integration of the rec8 construct was verified in Ura + colonies by colony PCR.
